Abstract. In recent years, the field-metric method for measuring the joule losses set up in an electrical steel laminate when subjected to a rotating field has gained popularity. The ideal geometry of the magnetiser required to set up such a field is still however the subject of much debate. The work presented in this paper aims at providing some useful guidelines which might be considered when undertaking the construction of the simplest of such magnetizing setups having four salient poles excited by a two phase system and using a square sample. A 3D model for this rotational power loss tester was simulated for different pole geometries with the induction uniformity being assessed for every alteration.
Introduction
In a bid to reduce cost and weight, the demand for high speed, high power density electrical machines operating at high levels of efficiency has over the past decade seen an unprecedented increase. To enable such an increase in power density an increase in both fundamental supply frequency and current loading is often required. This coupled with novel stator/winding geometries expose the constituent magnetic materials of the machine to harmonic rich excitation frequencies at high field intensity values.
The design of the required cooling regimes for such novel designs is closely linked to the correct estimation of the incurred iron losses due to both spatially pulsating and rotating fields. A general consensus on the measurement of pulsating/ alternating losses in electrical steel has led to standards such as the IEC 60404 being widely adopted. Unfortunately this is not the case for the measuring of iron losses due to spatially rotating fields. A number of methods have been proposed for the job, [1] , [2] with a limited agreement being achieved on the reported loss values, as reported in [3] .
Over the past years the field-metric approach, based on the Poynting's theorem description of the rotational loss problem, as given in [4] , has gained preference. A number of different magnetiser geometries, [5] , [6] , were described as possible solutions to achieve induction uniformity. The simplicity in design of the two-phase fourpole geometry, however, allows for high precision in manufacturing and sample location.
The work presented in this paper is based on such a commercially available two-phase, four-pole test setup and aims at providing an insight into the affects of various pole geometries on the induction, level and quality, within the test sample. Such work aims to contribute to knowledge already presented in [5, 7, 8] by further investigating the affect of the introduction of a pole side taper, and magnetiser assembly imperfections such as pole-yoke air gaps. The presented conclusions are based on an induction uniformity analysis performed on field maps obtained via 3D finite element simulations.
Model geometry and simulation setup
To cater for the affects of pole tapering, pole-yoke air gaps and the proper location of the sample plane (x-y) with respect to the pole tip, in the z dimension, a 3D model of the magnetising yoke was setup as shown in Figure1(a) with the salient pole parameters shown in Figures.1.(b, c, d ) for different projections. The optimal dimensions for the pole taper 'ϑ n ', tip height 'TH' and sample size were discussed in [8] , [5] and empirically deduced via a number of built tester iterates. In this study, such parameters are therefore considered as constant as detailed in Figure 1 and Table 1 . The varied dimensions are detailed section 4 along with the results obtained for the figures of merit, (section 3), obtained for each case.
Due to computational requirements and for the purpose of such geometric optimisation it was considered sufficient to analyse the field maps, B(x,y,z), taken from the centre plane, of the sample for 1 time instant, using a 3D finite element solver, at this stage the variation in field distribution along the sample's depth was not evaluated. The sample material was modelled as isotropic with a non-linear BH curve, typical for M330-35A material. The sample's conductivity was set at 2x10 5 S/m. The laminate nature of the magnetiser poles was also considered by using a non-linear anisotropic material with different BH curves and conductivities for the planes lying parallel and normal to the laminate stack directions. The conductivity within the laminate plane was 2x10 5 S/m whilst that normal to such plane was 1x10 3 S/m. The whole model employed a tetrahedral mesh system having 273100 nodes and a liner interpolating function was used to evaluate field quantities at required sampling points. In the results which follow, coil 2 (ref. Figure 1 ) is energised inducing a flux along the x-axis. Number of primary turns 45 Figure 1 Magnetising yoke geometry in full plan view including the introduction of the parasitic air gaps at the pole-yoke interface (a).frontal projection of a pole tip (b), side elevation of a pole tip (c) and plan view of a pole tip (d).
Criteria for assessing induction uniformity
The proposed variations to the pole geometry were assessed on the basis of their affect on the induction uniformity within the sample. Such uniformity was assessed globally, using a rate of change criterion, whilst locally; the deviation of edge and corner induction values from the sample's mean induction value, evaluated in the area enclosed by the measuring coils, was employed.
The mean rate-of-change criterion
Using the coordinate system defined in Figure 2 , and considering the condition, in which only coil 2 is energised, the flux density variation brought about by the flux traversing the sample in the y g -z g plane is of interest. The resulting spatial variation in induction magnitude at the centre plane coordinate z mid , |B|(x, y, z mid ), was extracted using a smoothing function into a square matrix, B[i,j]. This matrix, obtained by discretizing the sample space using n x m points, would have its column vectors B x , of size [n x1], represent the field variation along the discretised x-axis, To evaluate uniformity in the resulting discrete spatial domain, the finite difference between the B y values (difference along the y g direction) at each discrete volume defined by the increment in the x-direction x g [i], must be evaluated. The more uniform the distribution of B within the particular y g -z g plane of interest; the smaller the finite difference values obtained with respect to y g . A difference matrix is thus formed having n row vectors each with index, i, representing the finite difference vectors at each location x g [i] .This concept is illustrated in Figure 3 , in which the finite-difference variations along the y g [j]-dimension at two x g [i] locations, i=1, (flux entry point) and i=10 (at 6mm within the sample) are shown, for a 100 point discretisation of the coordinate space.
The mean of each of the formed difference row vectors is then evaluated at each position x g [i] and used a criterion of uniformity at that particular discrete location along the x-axis. This vector of means has size [nx1] and can be expressed using the forward, centred and backward finite difference terms by equation (1) 
Where: i denotes the index along the column vector whilst j is the index along the row vector. Thus in order to obtain a figure of merit which expresses the field uniformity across the whole sample, the mean of the vector expressed in equation (1) Evaluating this mean will give an indication of how the induction parallel to the excited yoke tip, (in this case parallel to the y-direction, will vary as one moves from one pole to the next. The magnitude of such a mean and resulting standard deviation, are therefore used as the primary criteria to assess the field uniformity in the sample. Smaller values for both figures of merit reflect a more uniform field.
The Induction deviation criteria
The resulting deviation from the mean sample induction at the sample edges and corners (as defined in Figure. 2) was used as a metric for the comparison of local field uniformity. The mean sample induction value was evaluated over the area enclosed by the measuring coils at the centre of the sample. The deviation at the sample's edge was computed using the first and last row vectors of the induction matrix as expressed in equation (2b). 
Where: ε rc is the deviation at the sample corners, ε e is the deviation at the sample edges, B[i,j] is the induction matrix, B y [i] is the induction matrix and B ca is the induction level averaged over the coil aperture area. The resulting deviation or 'error' surface is also computed, ε m (x,y), for each case, illustrating the spatial deviation in the measured induction magnitude at a given location when compared to the sample's mean induction.
Results
The spatial mean-rate-of-change index M Byx for the investigated cases along with induction deviation at the edges and corners is tabulated in Tables If a large sample air-gap were to be considered, than the 60mm tip width provides for better uniformity ( ref. cases 1 and 11) iii) Cases 7 and 3, confirm that a larger air gap leads to better induction uniformity, at the cost of reduced mean magnitude, with 1.77T and 1.75T respectively. iv) From cases 1, 9,10, it can be seen that introducing a 45 degree side taper can help uniformity, ( ref case 1 and 10) for the case in which a 45mm tip width is considered with a 3mm air gap. Otherwise such a feature does not greatly enhance uniformity, (ref cases 11, 12, 13). v) From cases 5, 14, 15, it can be seen that the B-sensing coil aperture is critical in through-hole setups. vi) Introducing pole air gaps reduces the mean induction value; this however, is also accompanied by a reduction in uniformity. Also it should be noted that for cases PAG, PAG_asym, corner 3, ( lying opposite to the introduced gaps), exhibits the lowest deviation from the mean induction level due to the experienced increased flux leakage as expected.
